Aardvark (Aar) is a Dictyostelium b-catenin homologue with both cytoskeletal and signal transduction roles during development. Here, we show that loss of aar causes a novel phenotype where multiple stalks appear during late development. Ectopic stalks are preceded by misexpression of the stalk marker ST-lacZ in the surrounding tissue. This process does not involve the kinase GSK-3. Mixing experiments show that ectopic ST-lacZ expression and stalk formation are cell non-autonomous. The protein-cellulose matrix surrounding the stalk of aar mutant fruiting bodies is defective, and damage to the stalk of wild-type fruiting bodies leads to ectopic ST-lacZ expression. We postulate that poor synthesis of the stalk tube matrix allows diffusion of a stalk cell-inducing factor into the surrounding tissue. q
Introduction
The spatial and temporal regulation of cell differentiation is fundamental to pattern formation during development. This is particularly apparent during stalk development in the non-metazoan eukaryote Dictyostelium discoideum. Dictyostelium is a free-living unicellular amoeba that undergoes a multicellular developmental programme. When starved, amoebae aggregate to form a multicellular mass, the mound. Within the mound, scattered cells adopt either a prespore or prestalk fate. These cell types then sort themselves, with prestalk cells moving to the tip and the base of the mound . The mound forms a distinct tip on its dorsal surface and then elongates along this axis to form a finger-like protection; this may fall onto its side, and under conditions of low light, high humidity and high ionic strength migrate as a slug.
The ultimate result of development is the formation of the fruiting body, known as culmination, which is induced by a reversal of the conditions favouring slug migration. At this point, prestalk cells in the tip move down through the developing prespore mass and embed into the basal disc (Dormann et al., 1996; Early et al., 1993; Jermyn et al., 1996; Jermyn and Williams, 1991; Sternfeld, 1992; Sternfeld and David, 1982) . The developing stalk becomes enclosed in a protein-and cellulose-containing tube that is secreted by cells both within the stalk, and in the surrounding tissue (Grimson et al., 1996) . As prestalk cells enter the stalk tube, they terminally differentiate to form vacuolated stalk cells. The stalk grows by the addition of differentiated stalk cells to its top, and this raises the spore head up above the substratum.
The fruiting body of Dictyostelium discoideum contains only a single stalk that is positioned within the centre of the fruiting body. Both the temporal and spatial patterns of stalk differentiation are under tight developmental control, so that stalk cells only differentiate when they enter the stalk tube. Stalk cell maturation therefore occurs in a very small area at the entrance to the stalk, and requires activation of cAMPdependent protein kinase A (PKA) (Harwood et al., 1993; Harwood et al., 1992) . In this paper, we describe a mutant in which stalk differentiation occurs outside the stalk tube, giving rise to additional stalks.
Aardvark (Aar) is a Dictyostelium b-catenin homologue that is required both for the formation of intercellular adherens junctions and for GSK-3-dependent signal transduction in response to extracellular cAMP stimulation (Grimson et al., 2000) . This dual structural and signalling role is also seen with most metazoan b-catenin proteins. In animals, bcatenin links transmembrane cadherin proteins to the actin cytoskeleton, via a-catenin, and hence is a central component of the adherens junction. In metazoa, actin-based adherens junctions are critical for the completion of development, in particular, to hold together sheets of epithelial cells subject to the high tensile forces that occur during morphogenetic movements such as gastrulation, invagination and hypodermal closure (Costa et al., 1998; Cox et al., 1996; Peifer et al., 1993; Tepass et al., 1996; Uemura et al., 1996) . In addition, b-catenin is a downstream component of the Wnt signalling pathway and is regulated by GSK-3 (Cadigan and Nusse, 1997) . This process is required for cell patterning and axis formation during embryogenesis, as b-catenin enters the nucleus of Wnt-stimulated cells to direct the expression of target genes, in concert with a variety of transcription factors (Behrens et al., 1996; Huber et al., 1996; Molenaar et al., 1996) . We have previously reported the generation of an aar mutant that possesses no Aar protein. The aar mutant lacks actin-containing adherens junctions at the top of the stalk tube, which are present in wild-type fruiting bodies (Grimson et al., 2000) . In this paper, we show that the absence of Aar causes the formation of additional stalks within the fruiting body. All our observations indicate that this phenomenon is the result of a cell non-autonomous defect in the aar mutant. We conclude that Aar plays a structural role during the regulation of stalk formation, and that the formation of additional stalks can be explained if the matrix of the stalk tube acts as a barrier to restrict the movement of a stalk-inducing signal.
Results

aar fruiting bodies form more than stalk
When examined by light and scanning electron microscopy (SEM), we found that aar mutant fruiting bodies have protrusions emanating from the side of the spore head. These resemble the tips of wild-type fruiting bodies A time lapse sequence of two different aar mutant fruiting bodies (mutants 1 and 2) recorded from above. Images shown are extracted at 60 min intervals. In mutant 1, the original tip bifurcates to form an ectopic tip. In mutant 2, an ectopic tip appears and then extends to form a new stalk and spore head branching from the original fruiting body. (Fig. 1A, B) . These ectopic tips occur with high frequency in aar mutants. At any single point in time, approximately 15% of upright fruiting bodies had ectopic tips, compared to an almost undetectable 0.1% in wild-type culminants. Time lapse video microscopy showed that overall more than 50% of culminating aar mutants form at least one ectopic tip during development, and that these tips go on to elongate into a new stalk and spore head (Fig. 2) . This can explain why the majority of aar mutant fruiting bodies appear to contain more than one stalk within the spore head (Fig. 1C) . Mutants that form multiple tips have been observed previously in Dictyostelium, but these occur at the mound stage. The aar mutant differs from other multi-tip mutants as ectopic tips are only seen late in development, when the fruiting body forms.
Ectopic expression of a stalk marker in the aar mutant
To investigate the origin of ectopic tips and stalks, we analysed the expression of ST-lacZ, a marker of the developing stalk. The ST-lacZ reporter is the Escherichia coli bgalactosidase (lacZ) gene driven by a proximal fragment of the ecmB promoter. This region of the promoter is activated as prestalk cells enter the stalk tube during fruiting body formation, and is seen almost exclusively in cells that have entered the stalk tube (Fig. 3A , Ceccarelli et al., 1991) . Before culmination, both wild type and aar mutants express very little ST-lacZ, although in both cases ST-lacZ expression is seen in a small inverted cone of cells just behind the tips of some slugs. In the aar mutant, as development proceeds, ST-lacZ expression is seen within the nascent ectopic tips (Fig. 3B ). These additional ST-lacZexpressing cells may mark the origins of new stalk tubes (Fig. 3C) .
Although not all aar mutant fruiting bodies have ectopic tips, all contain isolated ST-lacZ-expressing cells outside their stalk (Fig. 3D, E) . Most of the ectopic ST-lacZ expression is seen in those cells that are in contact with the stalk, particularly near the top of the stalk tube (Fig. 3D, E) . Although some differentiated stalk cells are visible outside the stalk tube of aar mutants, the majority of ST-lacZ staining cells do not have a stalk cell morphology, and many have the flattened appearance of the cells that surround the stalk tube (Fig. 3D) . Differentiated stalk cells secrete cellulose and stain with the cellulose-binding dye, Tinopal; however, most of the ectopic ST-lacZ-staining cells in the aar mutant do not stain with Tinopal (data not shown). Scattered cells are also seen within the developing spore mass (Fig. 3E) , particularly in later culminants, suggesting that they may be displaced from around the stalk tube. This phenomenon is not seen in wild-type fruiting bodies, where ST-lacZ expression outside the stalk tube is only ever seen in a very few cells of the lower cup, at the base of the spore head (Fig. 3A) .
aar mutants have normal spatial patterning as mounds and slugs
We examined whether the ectopic expression of ST-lacZ and stalk formation in the aar mutant results from a defect in cell-type specification during earlier stages of development. In wild-type cells, the prespore cell marker psA-lacZ is expressed in the majority of cells within the mound, and these cells go on to form the posterior 80% of the slug (Dingermann et al., 1989) (Fig. 4A) . During fruiting body formation, psA-lacZ is seen in the developing spore mass but not in prestalk cells (Dingermann et al., 1989) (Fig. 4C ). In the aar mutant, neither the spatial nor the temporal pattern of psA expression is altered (Fig. 4B, D) but, as previously reported, its level of expression is reduced by 50% (Grimson et al., 2000). When ectopic tips are first seen they are devoid of cells that express psA-lacZ (Fig. 4E) . The lacZ gene used in these studies produces a b-galactosidase enzyme that is stable throughout Dictyostelium development, and therefore these cells cannot be of prespore origin. However, more proximal regions of ectopic tips express psA-lacZ, indicating that these cells are either recruited from the prespore population or are induced to become prespore cells (Fig. 4E) . The ecmA promoter drives lacZ expression in a number of prestalk cell types (Dingermann et al., 1989; Harwood and Drury, 1990; Jermyn and Williams, 1991) . The pstA and pstO cells originate in the mound and move into the tip. In the slug, the pstA cells make up the anterior-most region and the pstO cells are present as a band between the pstA and prespore populations. These tip populations are the source of the cells that form the stalk. In addition, ecmAlacZ expression is seen in anterior-like cells (ALC) found within the posterior of the slug. These cells form the upper cup region of the developing fruiting body, and replenish the tip cells if they are depleted during slug migration. The pattern of ecmA-lacZ expression is unaltered in the aar mutant, and only one ecmA-lacZ staining tip is seen in mound and slug stages (Fig. 4I, J) . In the fruiting body of the aar mutant, ectopic tips stain for ecmA-lacZ in a pattern that complements that of psA-lacZ, with ecmA-lacZ expression restricted to the most distal region and stalk tube (Fig. 4G, H) . This indicates that the prespore-expressing cells in ectopic tips are of prespore origin, and have not transdifferentiated from the pstA and pstO cell populations. Although unusual in their occurrence, these observations suggest that the ectopic tips seen during culmination do not have an aberrant prespore-prestalk pattern. As there is no evidence for the occurrence of transdifferentiation, it is likely that the cells surrounding the ectopic stalks are recruited from the neighbouring fruiting body cells.
The aar mutant has low ecmB expression.
Expression of a second prestalk gene, ecmB, defines two further populations of prestalk cells (Fig. 4K) . One population forms late in development and is known as pstAB, as it derives from the pstA cells (Jermyn and Williams, 1991) . As cells enter the stalk tube, they differentiate into pstAB cells prior to overt stalk cell differentiation and become those cells marked by ST-lacZ. ecmB-lacZ staining is also seen in the mound and in a subpopulation of the ALC (Gaskell et al., 1992) . These cells, the pstB cells, form the basal disc and upper and lower cups (Jermyn and Williams, 1991; Sternfeld and David, 1982) . In general, pstB cells do not express ST-lacZ, although a few upper cup cells do express some ST-lacZ after prolonged staining (Ceccarelli et al., 1991) .
In the mound, ecmB-LacZ expression is observed in cells at random in both wild type and the aar mutant. This apparent wild-type spatial pattern of expression persists until early stages of culmination. However, as culmination in aar mutants proceeds, ecmB-lacZ-expressing cells appear scattered throughout the tip (Fig. 4L ). These cells express ecmB-LacZ weakly, with staining taking 10 h longer than in equivalent wild-type cells. This difference is more accurately assessed using northern analysis, where RNA samples are probed for the endogenous ecmB gene (Fig. 5A ). These observations show that aar mutants are weak ecmB expressers, rather than pstB cell over-producers. The expanded population of cells that express ecmB during the later stages of culmination of the aar mutant could reflect an ectopic induction of pstAB cells.
Aar is not regulated by gskA during prestalk B cell specification
In metazoa, b-catenin and its homologues have a cellautonomous Wnt-signalling function, acting downstream of the kinase GSK-3 to specify cell fate. The Dictyostelium homologue of GSK-3, gskA, is required early during multicellular development to regulate the ratio of pstB to prespore cells in an extracellular cAMP-dependent manner. The gskA null mutant has a greatly expanded pstB cell population at the expense of the prespore cells (Harwood, 1995) . We have shown previously that aar functions downstream of gskA to positively regulate prespore gene expression (Grimson et al., 2000) . A number of observations reveal that ectopic ST-lacZ expression and stalk formation in the aar mutant results from a GskA-independent mechanism.
Firstly, the morphology of the aar mutant is different from that of the gskA mutant. Unlike gskA mutants, aar mutants do not have enlarged basal discs or an expanded population of pstB cells prior to culmination. In addition, the aar mutant shows lower than wild-type levels of ecmB expression, as described above, unlike the increased levels seen in a gskA mutant. Secondly, the behaviour of isolated cells in lowdensity monolayer culture differs between aar and gskA mutants. In monolayers, GskA mediates cAMP-dependent repression of ecmB expression and stalk cell formation, so that in a gskA mutant, ecmB gene expression and stalk cell formation are not repressed by cAMP (Harwood et al., 1995) . We examined ecmB expression in monolayers of aar mutant cells. In contrast to the gskA mutant, we found that cAMPmediated repression of ecmB expression is still as strong in the aar mutant as in wild-type cells (Fig. 5B) . Furthermore, cAMP-dependent repression of stalk cell formation is still present in the aar mutant (Fig. 5C ). We note that stalk cell induction in both the presence or absence of cAMP is generally lower; this may also be reflected in the poor expression of ecmB in the aar mutant.
Finally, we examined the influence of GskA on ST-lacZ expression. In contrast to the complete ecmB promoter, we found that ST-lacZ expression was fully repressed by cAMP in the gskA mutant (Fig. 5D ). This suggests that the repressor elements contained within the proximal promoter region of ecmB (as defined by ST-lacZ) are not regulated by GskA. In conclusion, there is no evidence to indicate that either the ectopic expression of ST-lacZ or ectopic stalk formation in the aar mutant is due to misregulation of a GskA-mediated signal transduction pathway.
aar mutants do not have a cell-autonomous defect in stalk specification
To search for an alternative explanation for ectopic stalk formation in the aar mutant, we examined whether aar mutant cells have a cell-autonomous or non-autonomous defect. Wild-type and aar cells transformed with ST-lacZ were mixed with untransformed cells and were allowed to form fruiting bodies. Wild-type and aar cells mix homogeneously; aar cells are not excluded from any area of the fruiting body. Mixtures of wild-type cells with aar cells give rise to fruiting bodies with the appearance of the aar mutant, but form ectopic tips at proportionately lower frequencies (Table 1) .
If aar cells have a cell-autonomous defect in stalk specification, then in a mixture of wild-type and mutant cells, aar, but not wild-type cells would be expected to misexpress ST-lacZ and contribute to ectopic stalks. This is not the case, as mixtures of ST-lacZ-transformed wild-type cells with untransformed aar mutant cells result in ST-lacZ expression outside the stalk (Fig. 6A-D) . Thus, wild-type cells can be induced to behave as mutant cells. Interestingly, this occurs in mixtures with as few as 10% aar mutant cells (Fig. 6C) . When 2% ST-lacZ-expressing aar mutant cells are mixed with 98% untransformed wild type, aar mutant cells behave as wild type, showing expression in the stalk tube, and a few cells in the lower cup region (Fig. 6D ). These observations indicate that the misexpression of STlacZ and the formation of ectopic stalks in aar mutant cells can be rescued in a wild-type background; and these are therefore not cell-autonomous properties of aar cells.
Similar mixing experiments were performed with cells transformed with ecmB-lacZ. Both the weak expression and ectopic expression of ecmB seen in the tips of older aar fruiting bodies were rescued in mixtures containing high ratios of wild-type cells (W. Bergman, unpublished data).
The aar mutant has a disrupted stalk-tube structure
What is the mechanism for the cell non-autonomous behaviour of aar mutant cells during stalk formation? We observe that aar mutants have thin, structurally weak stalks compared to wild-type fruiting bodies (Fig. 7A-C) , and the majority of aar fruiting bodies eventually collapse onto the substratum. The cellulose stalk tube that surrounds the stalk cells is laid down into two distinct layers by terminally differentiating prestalk cells, as they move downwards a The mean number of ectopic tips observed was expressed as a percentage of the total number of upright fruiting bodies counted. Many aar mutant fruiting bodies fall over on the substratum, these were not counted.
b Where more than one experiment was performed, the standard error of the mean (SEM) is shown.
through the spore head (Grimson et al., 1996) . Just below the entrance to the stalk tube, there is a collar composed of a stack of tightly adherent rings of cells that pass around the circumference of the stalk tube. The cells within each ring are connected via adherens junctions, and hence form a complete ring of actin around the stalk tube (Grimson et al., 2000) . The adherens junctions and actin rings are lost in the aar mutant, and the collar around the stalk tube is absent.
We examined the structure of wild-type and aar mutant stalk tubes at high magnification by transmission electron microscopy (TEM). Observation of cross-sections of the junctional region at high magnification shows that in wildtype fruiting bodies the stalk tube is 200-250 nm thick and has a bilayered structure (Fig. 7D) . In the analogous region in the aar mutant, which lacks adherens junctions, the stalk tube is thin (50-75 nm) and disordered, and does not have an organised structure (Fig. 7E ). This suggests that the loss of the stalk tube integrity may be the cause of ectopic stalk induction.
To test this idea, wild-type cells transformed with STlacZ were developed to the early stages of fruiting body formation and then the stalk tube was cut, close to the tip, using a drawn out glass needle (Fig. 7F ). Structures were then left to recover and continue development for 3 h before fixing and staining for ST-lacZ expression. In most cases, the glass needle failed to cut the stalk tube and no ectopic ST-lacZ expression was seen. However, when the stalk tube was cut, an increase in ST-lacZ expression was seen in cells surrounding the cut site (Fig. 7G-J) . These experiments are consistent with the hypothesis that damage to the stalk tube leads to ectopic ST-lacZ, and hence ultimately stalk formation.
Discussion
GSK-3 activity is not involved in ectopic stalk formation
Aardvark (Aar) is a Dictyostelium homologue of metazoan b-catenin that is required both for the formation of actin-containing intercellular junctions during culmination and for GSK-3-mediated signal transduction in mounds and slugs (Grimson et al., 2000) . In this paper, we show that an aar null mutant has a novel phenotype, forming additional stalks during late development. We can find no evidence to indicate a role of GskA in this ectopic stalk formation. The phenotype is associated with misregulation of the marker gene ST-lacZ, which we show is not under the control of GskA. Previous work has suggested that ST-lacZ expression is regulated through activation of PKA during culmination (Harwood et al., 1993; Harwood et al., 1992) . Our mixing experiments show that ectopic ST-lacZ expression and stalk formation in the aar mutant result from a cell non-autonomous defect.
Ectopic stalk formation is associated with loss of adherens junctions
In metazoan development, not all phenotypes associated with the loss of b-catenin are a result of defects in GSK-3-mediated signalling. In Drosophila, elimination of the bcatenin homologue arm from the germline results in a loss of junctions and cell-cell adhesion in both the germ cells and the follicle cells, without any 'Wnt-signalling' phenotype (Peifer et al., 1993) . In addition, various moderate arm alleles show specific adhesion defects that block embryogenesis and gastrulation (Cox et al., 1996; Muller and Wieschaus, 1996) . In Caenorhabditis elegans, hmp-2, one of the three b-catenin homologues present, is required for junction formation during hypodermal closure, but does not participate in any known endogenous signalling processes (Costa et al., 1998; Korswagen et al., 2000; Natarajan et al., 2001) .
In Dictyostelium, both ST-lacZ expression and stalk formation coincide with the formation of adherens junctions in the developing culminant, and not with GskA-mediated induction of cell types at the mound stage. The loss of Aarcontaining adherens junctions in the fruiting body results in the disorganisation of the stalk tube matrix. This is manifest in the loss of mechanical strength in the stalk, which in many cases leads to the collapse of the mature fruiting body. The stalk tube is partly made up of cellulose and partly protein matrix, arranged in a complex pattern. In the wild-type fruiting body, the cells connected via their adherens junctions form a collar around the stalk (Grimson et al., 2000) . Our observations suggest that the formation of this collar is required for the correct synthesis of the cellulose-protein matrix. Consistent with this view, we find that ectopic stalk formation is only rescued in chimaeric structures at a ratio of greater than 50:1 wild-type:aar mutant cells; lower ratios do not rescue the ectopic stalk phenotype. This phenomenon can be explained by considering the distribution of adherens junctions in the culminant. Each ring of cells within the collar surrounding the stalk tube contains around 20-30 cells (Grimson et al., 2000) ; however, if adherens junctions are lost in only one cell within the ring, it would be sufficient to disrupt the integrity of the entire actin ring around the stalk. We would therefore expect wild-type:aar mutant cell ratios of 9:1 to be insufficient to restore the collar, and hence correct celluloseprotein matrix deposition, but expect ratios of 50:1 to rescue the loss of the collar region.
A stalk-inducing signal?
How can the loss of stalk tube integrity lead to misexpression of ST-lacZ and ectopic tip and stalk formation? One explanation is that a stalk cell-inducing signal is present within the stalk tube, and that the intact cellulose-protein matrix of the stalk tube is a barrier to the diffusion of this signal. This hypothesis could also explain the pattern of pstAB (ST-lacZ-expressing) cells and stalk cell regulation in wild-type cells, as prestalk cells will only come in contact with the signal at the open, upper end of the stalk tube. In the aar mutant, additional cells could respond to the signal when adjacent to holes in the matrix along the length of the stalk tube. An alternative hypothesis is that some STlacZ-expressing cells are lost from the stalk into the surrounding prestalk population, and a small number of cells seen in the prestalk region of the aar mutant have the vacuolated morphology of mature stalk cells. In order for many cells to escape from the stalk, there would have to be a significant number of comparatively large holes in the stalk tube structure. There is no evidence for large holes, or for 'escaping' cells, in our TEM observations. Furthermore, the misplaced stalk cells we observed could be formed by full differentiation of the ectopically induced ST-lacZexpressing cells.
We attempted to test our hypothesis by damaging the stalk tube manually. Wherever the stalk tube is damaged, ectopic ST-lacZ is seen in the cells surrounding the damage. It is interesting to note that in the controls of previously published 'tip-grafting' experiments, in which the structure of the fruiting body was perturbed by mechanical manipulation but no tip was grafted, ectopic tips were induced at a frequency of 17% (Rubin and Robertson, 1975) . This could be analogous to the mechanism operating in the aar mutant, and in our perturbation experiments.
The identity of a putative stalk-inducing signal is not known at present. Potential candidates for a stalk-cell-inducing signal include two low molecular weight factors with a possible role in terminal stalk cell differentiation, stalk cell differentiation factor (STIF) and spore differentiation factor (SDF). STIF acts synergistically with another stalk-cellinducing factor, differentiation inducing factor (DIF), to induce stalk-cell differentiation and ST-lacZ expression (Yamada et al., 1997) . SDF induces spore and stalk-cell maturation in monolayers (Anjard et al., 1998) . Whether STIF or SDF is associated with the stalk tube in vivo is unknown. DIF itself has the ability to induce stalk cells in monolayer culture. However, the phenotype of a mutant defective in DIF biosynthesis indicates that DIF is not an inducer of stalk formation in the fruiting body (Thompson and Kay, 2000) .
The stalk tube entrance may act as an organiser
The generation of ectopic stalks is accompanied by a reorganisation of the surrounding cells to form a new tip and eventually a new spore head. This occurs by recruitment of both prespore and prestalk cells, and this implies the creation of additional organising centres within the aar mutant. As formation of new tips appears to be preceded by induction first of ST-lacZ-expressing cells and then of nascent stalk tubes, we suggest that these new organisers arise around the entrance to the stalk tube. Previous experiments have shown that the tip of Dictyostelium contains organiser activity, and that grafting the tips from slugs and fruiting bodies onto the outside of another fruiting body can induce secondary developmental axes (Rubin and Robertson, 1975) . Both these types of tissues are likely to contain pstAB cells, which may organise the tissue around them. Similarly, we suggest that the ectopic induction of ST-lacZ-expressing cells (pstAB cells) in the aar mutant may lead to the formation of new organising centres. Clearly, the number of ST-lacZ-expressing cells exceeds the number of ectopic stalks and tips; this could reflect a size threshold for organising activity.
Conclusions
We have shown that the aar mutant exhibits a novel Dictyostelium phenotype, where more than one stalk forms in the fruiting body. In many ways, this phenotype resembles the results of earlier tip-grafting experiments. Our analysis argues against a cell autonomous effect on either GSK3-dependent or GSK3-independent signal transduction. Instead, we find that this phenotype is cell non-autonomous and correlates with damage to the cellulose-protein matrix that forms the stalk tube. This suggests that a loss of adherens junctions in the aar mutant could lead to mislocalisation of a stalk-inducing signal.
Our explanation for the formation of ectopic stalks in the aar mutant presents a novel mechanism by which loss of a b-catenin homologue can result in misspecification of patterning. Previously, roles for b-catenin were divided into two classes: a cell-autonomous role in the mediation of Wnt and GSK-3-mediated signalling, and a structural role in maintaining tissue integrity (Cadigan and Nusse, 1997) . Here, we suggest that the loss of tissue adhesion can result in indirect changes in cell signalling through disruption of the extracellular matrix. The subsequent changes in the diffusion of cell signals lead to ectopic cell-type specification.
Experimental procedures
Cell culture and development
Vegetative cells, strains AX2 and DH1(wild type), aar and gskA, were grown at 228C in association with Klebsiella aerogenes on SM agar or in neutralised axenic medium pH 6.4 as described previously (Watts and Ashworth, 1970) . For development, cells were harvested from bacterial clearing plates or spun down from logarithmically growing culture (1-2 £ 10 6 cells/ml), and washed four times in KK 2 (15.5 mM KH 2 PO 4 , 3.8 mM K 2 HPO 4 pH 6.2). Cells (5 £ 10 7 ) were plated on 1.8% KK 2 agar or 1 £ 10 7 cells on nitrocellulose filters (Whatman) on a KK 2 -soaked prefilter and developed by incubating at 228C in a damp atmosphere. Development was observed at 20 £ magnification on a Stemi SV11 dissection microscope (Zeiss) fitted with a digital camera (Avcam 407; Alrad, UK). Data were recorded using Scion Image v.1.62.
Scanning electron microscopy (SEM)
Samples were frozen rapidly on a polished copper block precooled in liquid nitrogen, freeze-sublimed for 48 h in a Kinney vacuum evaporator and coated with 100 nm gold/ palladium in a HummerV sputter coater. Structures were examined on a Hitachi S-570 scanning electron microscope at 12 kV accelerating voltage.
Cryopreservation, sectioning and transmission electron microscopy
Culminants were prepared as described previously (Grimson et al., 2000) . Developed wild-type and mutant cells were fixed by ultra-rapid plunge-freezing in liquid propane cooled by liquid nitrogen. Freeze substitution was carried out by placing the structures in 10 ml of acetone/1% osmium tetroxide at 2808C. Samples were brought to room temperature over several days and embedded in Spurr's resin. Light microscope observations were made of whole mounts and of 0.5 mm sections stained with toluidine blue. Ultrathin sections (70 nm) were collected onto Formvarcoated nickel grids and examined at 75 kV in a Hitachi HU-11 E transmission electron microscope.
b-Galactosidase staining and activity assay
AX2 and aar cells were developed on nitrocellulose filters and fixed in 1% glutaraldehyde in Z-buffer (KK 2 / 1 mM MgCl 2 ) for 10 min. Fixed structures were washed three times in Z-buffer before incubation in stain (25 mM KFe 2 CN 6 /25 mM KFe 3 CN 6 , 0.1% X-gal in Z-buffer) for 1-10 h at 378C to allow the blue precipitate to form. Stained structures were photographed on the filters using a Wild dissecting microscope, or mounted on glass slides in Gelvatol and photographed at higher magnification on an inverted microscope (Kodak Ektachrome 160T film).
Induction of prestalk and stalk cells in monolayers
Wild-type (AX2 or DH1), mutant (aar or gskA) and lacZ reporter gene-transformed cells were plated at low density in monolayer cultures as described previously (Harwood et al., 1995) . Stalk cells were induced by plating amoebae at 2.9 £ 10 4 cells cm 22 in stalk medium supplemented with 5 mM cAMP and incubating for 24 h at 228C, followed by a further 24 h with 0.1 mm DIF with or without 5 mM cAMP. Stalk cells were counted and expressed as a percentage of the total cell count. ecmB and ST-lacZ expression were analysed by an lacZ assay as described above. bGalactosidase activity was quantitated using a FluoReporter lacZ/Galactosidase Quantification kit (Molecular Probes) following manufacturers' instructions.
Northern analysis
RNA preparation and northern analysis were carried out as described previously (Harwood et al., 1995) . The ecmB probe was made from a PCR product and the Ig7 probe from plasmid DNA (both provided by E. Dalton).
